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Abstract
The relationship between superior longitudinal fasciculus microstructural integrity and 
neuropsychological functions were examined in 49 healthy children (range: 5–17 years) using 
diffusion tensor imaging. Seven major cognitive domains (intellegience, fine-motor, attention, 
language, visual-spatial, memory, executive function) were assessed. Data analyses utilized 
correlational methods. After adjusting for age and gender, fractional anisotropy and axial 
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diffusivity values in the superior longitudinal fasciculus were positively correlated with executive 
functions of set-shifting; while left superior longitudinal fasciculus fractional anisotropy values 
correlated with attention and language. Apparent diffusion coefficient values in the left superior 
longitudinal fasciculus negatively correlated with inhibitory control. In the left arcuate fasciculus, 
fractional anisotropy correlated with IQ and attention; while radial diffusivity values negatively 
correlated with IQ, fine-motor skills, and expressive language. Findings from this study provide an 
examination of the relationship between superior longitudinal fasciculus integrity and children’s 
neuropsychological abilities that can be useful in monitoring pediatric neurological diseases.
Keywords
superior longitudinal fasciculus; diffusion tensor imaging; typically developing youth; cognitive 
function; diffusion tensor imaging
Introduction
The superior longitudinal fasciculus is a long myelinated bundle of neurons that extends 
from the anterior region of the cortex to the posterior region, running through the major 
lobules in each hemisphere. The superior longitudinal fasciculus is bi-directional in its 
neural transmission1. The arcuate fasciculus is a subdivision of the superior longitudinal 
fasciculus whose primary axons are thought to be involved in language processing2. Based 
on various magnetic resonance imaging-based studies, the superior longitudinal fasciculus is 
associated with verbal working memory 3 in the left hemisphere, and nonverbal-auditory 
information (e.g., pitch)4,5, attention 6 and visual-spatial functions 7 in the right hemisphere. 
In the left hemisphere, the microstructural integrity of the superior longitudinal fasciculus 
and arcuate fasciculus have been associated with various language functions (e.g., 
expressive speech, naming) in children, adolescents, and adults8–10.
The integrity of children’s superior longitudinal fasciculus and arcuate fasciculus can be 
safely studied using diffusion tensor imaging, an advanced neuroimaging technique that 
provides microstructural information about the orientation and diffusion characteristics of 
the brain's myelin tracts. This process utilizes the natural transport process of diffusion to 
measure how water moves through the different brain structures as water is more likely to 
diffuse along myelinated fiber tracts, rather than across them. This process produces a 3 
dimensional brain image represented by three eigenvectors (lambda1, lambda 2 and lambda 
3) which define maximum water diffusivity and reveal the direction of myelin tracts. 
Lambda 1 represents the axial diffusivity parallel to the axon fibers. Higher axial diffusivity 
reflects axon maturation. Radial diffusivity is the mean of lambda 2 and 3 and represents the 
diffusivity perpendicular to axonal fibers. Greater radial diffusivity reflects decreased or 
incomplete myelination. The deviation from isotropy measure (i.e., random water diffusion) 
is called fractional anisotropy. Fractional anisotropy is a scalar value between 0 and 1 that 
measures the directionality of water diffusion. Fractional anisotropy is greatest 
perpendicular to myelin tracts, represents restriction barriers to diffusion, and results in a 
signal intensity increase on an image. Fractional anisotropy serves as an important index of 
structural connectivity and myelin fiber integrity and coherence. This impedance of 
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diffusion of water molecules is also quantitatively assessed using the apparent diffusion 
coefficient, a measure of flow. The apparent diffusion coefficient is greatest along fiber 
tracts, whereas fractional anisotropy is greatest in a direction perpendicular to myelin tracts. 
Apparent diffusion coefficient and fractional anisotropy measures reflect axonal maturation 
(for review of diffusion tensor imaging methods see11).
Thus, diffusion tensor imaging is a well-accepted method for assessing the degree of 
microstructural maturation of white matter tracts in children, with fractional anisotropy 
values increasing and the apparent diffusion coefficient and radial diffusivity values 
decreasing with advancing age12. Using diffusion tensor imaging, several initial studies have 
suggested a relationship of the superior longitudinal fasciculus with language13, spatial 
working memory14,15, verbal working memory16, attention 17 and reading problems 18 in 
children. To our knowledge, however, no studies have examined the relationship of the 
microstructure of superior longitudinal fasciculus and arcuate fasciculus with a broader array 
of neuropsychological functions in a typically-developing pediatric sample.
The primary purpose of this study was to compare the degree of microstructural maturation 
of the superior longitudinal fasciculus and arcuate fasciculus (as assessed by diffusion tensor 
imaging) with neuropsychological functions in a sample of typically -developing children 
and adolescents. Given that the superior longitudinal fasciculus has bidirectional 
connections from the anterior region to the posterior region of the cortex which involve 
connections to all major cortical lobules in both the right and left hemispheres, we 
hypothesized that all major neuropsychological domains would be related to diffusion tensor 
imaging values. We hypothesized that higher fractional anisotropy values, higher axial 
diffusivity (lambda 1) values, lower apparent diffusion coefficient and radial diffusivity 
values, which all likely represent a higher degree of myelination or maturation in the 
superior longitudinal fasciculus, would be significantly associated with major 
neurocognitive domains. We were also particularly interested in two hypotheses. First, we 
specifically hypothesized that diffusion tensor imaging measures of the left superior 
longitudinal fasciculus and arcuate fasciculus, would significantly correlate with higher 
scores on measures of receptive and expressive language, and verbal working memory. 
Second, we hypothesized that higher fractional anisotropy values, higher lambda 1 values, 
lower apparent diffusion coefficient values, and lower radial diffusivity values in the right 
superior longitudinal fasciculus and arcuate fasciculus would significantly correlate with 
higher scores on visual working memory and visual-spatial measures, as these are cognitive 
skills required for reading and language function. In this study, we also examined the 
relationship between the right and left superior longitudinal fasciculus and arcuate fasciculus 
and seven major neuropsychological domains (intellegience, fine-motor, attention, language, 
visual-spatial, memory, executive function) while controlling for the variables of age and 
gender that have known relationships with these major neuropsychological domains in the 
developing child.
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The clinical assessment portion of the study was undertaken at the Healthy Childhood Brain 
Development Developmental Traumatology Research Program and included interviews of 
both adolescents and their legal guardians using the Schedule for Affective Disorders and 
Schizophrenia for School-Aged Children Present and Lifetime Version, which includes a 
comprehensive post-traumatic stress disorder interview19. Subjects underwent extensive 
neuropsychological testing described below to verify that they were age-typical. The sample 
of this cross-sectional study included 49 typically developing children and adolescents 
ranging from 5 to 17 years of age (Mean = 11.08 years, SD = 3.49). The participants were 
recruited from the community, with overall socioeconomic status falling within the middle 
stratum. As above, all participants received a comprehensive neuropsychological, 
psychiatric, and developmental history to rule out the presence of any medical or mental 
disorders. Additionally, prenatal and birth records of the subject were gathered and reviewed 
to insure no prenatal confounds such as illicit drug exposure. Exclusion criteria included left 
hand dominance, Full Scale IQ < 70, a disability that made a comprehensive interview of the 
child difficult, a significant medical illness, lifetime history of Axis I mental disorders or 
learning disability, documented brain injury or neurological disorder, Autism Spectrum 
Disorder, birth weight under 5 pounds, or severe prenatal compromise or neonatal intensive 
care unit stay, documented history of involvement with child protective services for abuse 
and/or neglect, and any contraindications to safe magnetic resonance imaging. The local 
university hospital Institutional Review Board committee approved the study. All legal 
guardians gave informed consent and children assented prior to participation in accordance 
with the guidelines of the Helsinki Declaration. Participant demographics are shown in 
Table 1.
Measures
All participants in this study received a comprehensive neuropsychological evaluation at 
study entry; which included examination of seven of the major cognitive domains 
(Intelligence, fine-motor, attention, language, visual-spatial, memory, executive function), 
and a magnetic resonance imaging scan that included diffusion tensor imaging within two 
weeks of the neuropsychological evaluation.
Neuropsychological Measures—Neuropsychological measures included a 
comprehensive battery of tasks that were conceptually grouped into neuropsychological 
domains in order to facilitate data reduction. The neuropsychological domains and their 
associated measures included seven of the major neuropsychological domains (Intelligence, 
fine-motor, attention, language, visual-spatial, memory, executive function), Intelligence 
was assessed via a composite IQ from two-subtest short-forms of the Wechsler Preschool 
and Primary Scale of Intelligence-III, the Wechsler Intelligence Scale for Children-III, or the 
Wechsler Abbreviated Scale of Intelligence, depending on the age of the child. Fine motor 
speed and control was assessed with Trail-Making Test Part A, Finger Tapping, Grooved 
Pegboard). Attention was assessed with the Conners Continuous Performance Test 
Variability T-Score. Language was assessed as receptive language (Peabody Picture 
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Vocabulary Test, Clinical Evaluation of Language Fundamentals Concepts and Directions 
Subtest) and expressive language (NEPSY Verbal Fluency Subtest, Wechsler Preschool and 
Primary Scale of Intelligence-III/ Wechsler Intelligence Scale for Children-III/ Wechsler 
Abbreviated Scale of Intelligence Vocabulary Subtest). Visual-spatial skills were assessed 
with the Judgment of Line Orientation Test, Rey-Osterrieth Complex Figure Copy 
Condition, NEPSY Block Construction, NEPSY Route Finding. Memory was assessed as 
short-term verbal memory (age-appropriate version of the California Verbal Learning Test 
Total Recall, Test of Memory and Learning Object Memory Recall), verbal memory-
delayed (age-appropriate version of the California Verbal Learning Test Long Delay Free 
Recall), and visual memory- delayed (Rey-Osterrieth Complex Figure Delayed Recall). 
Executive functions were assessed as planning and problem solving (Wisconsin Card 
Sorting Test Categories Completed); working memory (Woodcock-Johnson-III Test of 
Cognitive Abilities Numbers Reversed Subtest); set-shifting (Trail-Making Test Part B, 
Stroop Color and Word Test Interference, Wisconsin Card Sorting Test Perseverative 
Responses); cognitive efficiency (NEPSY Verbal Fluency Subtest, NEPSY Design Fluency 
Subtest,
WISC-III Coding); and inhibitory control (Conners Continuous Performance Test Errors of 
Commission). Age-based standard scores were calculated for all of the tests for data 
analyses. Reliability and validity for all of the measures were deemed satisfactory. Note that 
for all z-scores, a higher score indicated a better performance with the exception of the 
attention z-score, where a lower score indicated a better performance. The cognitive 
domains were created by converting the previously mentioned neuropsychological measures 
within each domain to z-scores and then averaging the available variables within each 
domain except for the measure of attention which used only one measure, the Conners 
Continuous Performance Test Variability T-Score.
Magnetic resonance imaging technique—Magnetic resonance imaging was 
performed using a Siemens Trio 3.0 Tesla magnetic resonance imaging system (Trio, 
Siemens Medical Systems) running version VA 24 software. Diffusion weighted images 
were acquired using a single-shot echo-planar imaging pulse sequence. Imaging parameters 
were TE = 90 msec, TR = 7200 msec, bandwidth of 1346 Hz/pixel, acquisition matrix of 
128 × 64, FOV of 220 mm, contiguous 3-mm slice thickness. All axial slices were acquired 
parallel to the anterior commissure-posterior commissure line. Images were acquired with 
diffusion weighting in each of 6 different directions, all with a b-value (diffusion weighting 
factor) of 1000. An image with no diffusion weighting (b-value of 0) was acquired as 
reference. The set of seven diffusion weighted images were acquired a total of 4 times for 
retrospective averaging to improve image quality and then averaged together after the 
magnitude-image reconstruction. The diffusion tensor eigenvalues were calculated in each 
voxel allowing the calculation of the apparent diffusion coefficient and the fractional 
anisotropy value in each voxel using established methods20. Our study had very strict 
inclusion criteria. For example, careful examination for both a lifetime history of mental 
illness and learning disorders, as well as examination of prenatal and birth records to insure 
no prenatal confounds as described above. Because of these criteria, data collection began in 
2003 and ended in 2011. Since our initial data were obtained by using 6 diffusion-encoding 
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directions, we continued this practice to insure image comparability across subjects. A 
neuroradiologist reviewed scans and excluded scans with any clinically significant 
abnormalities. Subjects tolerated the procedure well. No sedation was used.
Data-processing
A radiologist with a four-year experience in Neuroradiology and one year experience in 
diffusion tensor imaging analyses analyzed the diffusion tensor imaging data. Diffusion 
tensor matrices from sets of the seven diffusion-weighted images were generated, and the 
three eigenvalues and eigenvectors were calculated via matrix diagonalization in Diffusion 
Tensor Imaging Studio (H. Jiang and S. Mori, Department of Radiology, Johns Hopkins 
University, Baltimore). Maps were generated according to the following standard 
algorithms:
Where sb=1000 was obtained by averaging the six diffusion-weighted images;
Where λn is the eigenvalue describing the diffusion tensor and <λ> = (λ1+λ2+ λ3)/3. Radial 
diffusivity was calculated as (λ2 + λ3)/2.
Simple head motion of diffusion weighted images was corrected by affine co-registration of 
all diffusion weighted images to b=0 image. Fiber assignment by means of continuous 
tracking (FACT) was used with a fractional anisotropy threshold value of 0.2 and angle 
transition threshold of 80° during tracking.
Tractography Method for the superior longitudinal fasciculus—At the level of 
the rostral aspect of the splenium of corpus callosum, lateral to the superior-to-inferior 
corticospinal blue fibers, bilateral green triangular-shaped regions representing the superior 
longitudinal fasciculus fibers were encircled using a manual tracing for the region of interest 
on coronal color map images (Figure-1). The entire superior longitudinal fasciculus, 
including the arcuate fasciculus, were obtained (Figure-2) and depicted on the color map and 
then automatically transferred to the fractional anisotropy, apparent diffusion coefficient, 
lambda 1(λ1), lambda 2 (λ2), and lambda 3 (λ3) maps to generate the values for each of these 
parameters.
Tractography Method for arcuate fasciculus—After obtaining the whole superior 
longitudinal fasciculus, we put a second region of interest (30×10 pixel regions) to the 
superior posterior temporal lobe on coronal color map images (Figure-1). The fibers 
between the first and second regions of interest represented the arcuate fasciculus (Figure-2). 
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Maps for fractional anisotropy, apparent diffusion coefficient and λ1, λ2, and λ3 were 
generated to obtain the values for each of these parameters.
Laterality Indices
We calculated laterality indices to compare the left and right superior longitudinal 
fasciculus, fractional anisotropy, and apparent diffusion coefficient values. The mean 
laterality index was calculated by (left – right) / (left + right). For this formula, a positive 
mean indicates that the left is larger than the right, and a negative mean indicates that the 
right is larger than the left. A mean laterality index close to zero indicates more symmetry in 
the integrity of the superior longitudinal fasciculus in both hemispheres. Because of 
diffusion tensor imaging acquisition parameters or motion artifacts, which may have had a 
negative effect on detecting thin arcuate fasciculus, we were only able to validly measure 
both left and right observations in 29 of the 49 subjects for the arcuate fasciculus measures 
that were included in this aspect of the study.
Intra-Observer Variability
A single rater collected tractography measurements of the superior longitudinal fasciculus 
twice, two months apart. Because the measurements are continuous variables, Cronbach’s 
alpha was used as a measure of internal consistency21. Cronbach’s alpha coefficient ranges 
from 0 to 1, and higher scores (above .70) suggest that the two measurements were 
identifying the same item22. With regard to fractional anisotropy values in the superior 
longitudinal fasciculus, the repeated tractography measurements of the right side showed a 
Cronbach’s alpha of .79, while the left side showed an alpha of .97. These findings indicated 
very good agreement on each side. Aside from the right fractional anisotropy measurements, 
no measurements had a Cronbach’s alpha coefficient lower than .92, illustrating extremely 
high intra-rater reliability.
Data Analyses
To address the research questions, Pairwise Partial Pearson correlations controlling for age 
and gender were conducted between the 15 neuropsychological measures and the left and 
right elements of the superior longitudinal fasciculus and arcuate fasciculus. As described in 
other studies from our group23, each cognitive domain was adjusted with a Bonferroni 
correction for the number of neuropsychological measures in each domain. For example, for 
the domain of Intelligence, the p-value was set at p ≤.05; while for executive function 
domain, the p-value was set at p ≤ 0.01.
Results
Correlations of superior longitudinal fasciculus and cognitive functions
Table 2 provides partial correlations between diffusion tensor imaging indices from the right 
and left superior longitudinal fasciculus with the seven cognitive domains (intellegience, 
fine-motor, attention, language, visual-spatial, memory, executive function) controlling for 
age and gender. Table 2 shows that the executive function and attention domains were 
significantly associated with both right and left diffusion tensor imaging values. 
Specifically, higher values of fractional anisotropy and λ1 in the right and left superior 
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longitudinal fasciculus correlated with better set-shifting abilities. Figures-3a and 3b show 
that right superior longitudinal fasciculus fractional anisotropy and λ1 account for about 
13% (Adjusted R2 = .125) and 5% (Adjusted R2 = .052) of the variance, respectively, in set-
shifting. Higher values of both right and left fractional anisotropy were significantly 
associated with better performance on an attention task (note higher scores on the attention 
domain indicated worse performance). Figure 4a and 4b show that the left superior 
longitudinal fasciculus, fractional anisotropy values significantly correlated with attention 
and set-shifting and in the expected direction. These relationships account for approximately 
15% (Adjusted R2 = .145) and 13% (Adjusted R2 = .127) of the variance, respectively. 
Apparent diffusion coefficient values in the left superior longitudinal fasciculus inversely 
correlated with inhibitory control, and in the expected direction, so poorer inhibitory control 
was associated with higher apparent diffusion coefficient values. Figure-4c shows that as 
apparent diffusion coefficient values decreased (a mature of myelin maturation), inhibitory 
control improved. This relationship accounted for approximately 2% of the variance 
(Adjusted R2 = .024). Values of λ1 in the left superior longitudinal fasciculus were found to 
be positively correlated with set-shifting. Figure-4d shows that left superior longitudinal 
fasciculus λ1 accounts for about 9% of the variance in set-shifting (Adjusted R2 = .089).
As hypothesized, expressive language significantly correlated with left superior longitudinal 
fasciculus fractional anisotropy values; while there was a trend for a correlation with left 
longitudinal fasciculus fractional anisotropy values and receptive language.
No relationships were seen between the domains of intelligence, fine-motor, memory, and 
visual-spatial skills, and diffusion tensor imaging measures of the longitudinal fasciculus.
Correlations of arcuate fasciculus and Neuropsychological Functions
Table 3 provides the partial correlations between the arcuate fasciculus diffusion tensor 
imaging measures with the seven cognitive domains (intellegience, fine-motor, attention, 
language, visual-spatial, memory, executive function) controlling for age and gender. As can 
be seen in Table 3, no significant correlations were seen between the right arcuate fasciculus 
diffusion tensor imaging measures and any of the neuropsychological measures. However, 
when the left arcuate fasciculus is examined, fractional anisotropy and radial diffusivity 
were found to significantly correlate with IQ in the expected direction. Figures-5a depicts 
linear regressions of the left fractional anisotropy value with IQ. This relationship accounted 
for approximately 13% of the variance (Adjusted R2 = .128). The left-sided radial diffusivity 
also significantly correlated with non-dominant (left) fine-motor speed, and expressive 
language. These correlations were all in inverse direction as expected. The linear regressions 
for these relationships can be seen in Figures-5b, 5c and 5d, and accounted for 
approximately 15% to 22% of the variance. The respective Adjusted R2 statistics for these 
relationships were .158, .149, and .216, respectively. The attention domain significantly 
correlated with left-sided fractional anisotropy and radial diffusivity values in the expected 
direction.
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As can be seen in Table 4, when laterality indices are calculated for the superior longitudinal 
fasciculus fractional anisotropy, the superior longitudinal fasciculus apparent diffusion 
coefficient, the arcuate fasciculus fractional anisotropy, and the arcuate fasciculus apparent 
diffusion coefficient, there is very little difference between these diffusion tensor imaging 
hemispheric indices. This suggested symmetrical integrity of the superior longitudinal 
fasciculus and arcuate fasciculus in healthy youth.
Discussion
In this study, we compared the degree of maturation of the superior longitudinal fasciculus 
and arcuate fasciculus with seven cognitive domains in a sample of typically-developing 
children and adolescents. We found a number of correlations suggesting that a greater 
degree of microstructural maturation of the superior longitudinal fasciculus (and, in 
particular, the left superior longitudinal fasciculus) was associated with higher performance 
on neuropsychological tests. In particular, we found that higher fractional anisotropy and 
axial diffusivity values in the left superior longitudinal fasciculus and right superior 
longitudinal fasciculus were significantly correlated with set-shifting. There was a positive 
relationship of fractional anisotropy in the right and left superior longitudinal fasciculus with 
better performance on the attention task. Furthermore, a significant correlation was found 
between lower apparent diffusion coefficient values in the left superior longitudinal 
fasciculus and inhibitory control. Finally, examination of the arcuate fasciculus, a 
component of the superior longitudinal fasciculus, showed higher fractional anisotropy 
values significantly correlated with IQ, and lower radial diffusivity values in the left arcuate 
fasciculus significantly correlated with IQ, fine-motor speed and expressive language; while 
the attention domain significantly correlated with left-sided fractional anisotropy and radial 
diffusivity values in the expected direction.
Our correlations of diffusion tensor imaging parameters with language function are 
supported by a number of findings in previous studies by other investigators8–10,24,25. 
Previous studies have found correlations between language processing abilities and diffusion 
tensor imaging metrics of the superior longitudinal fasciculus in healthy individuals3,8,26. 
For example, one study found that speed of visual word recognition, a factor in linguistic 
competence, correlated with regional fractional anisotropy values in tracts aligned in the 
anterior-posterior direction at or near the left superior longitudinal fasciculus27. 
Furthermore, diffusion tensor imaging evidence of damage to these regions has been 
associated with language dysfunction. In patients with primary progressive aphasia, 
microstructural damage to the left superior longitudinal fasciculus, as evidenced by reduced 
fractional anisotropy, strongly correlated with both deficits of syntactic comprehension and 
production28.
The association of left superior longitudinal fasciculus integrity (as measured using diffusion 
tensor imaging) with language also extends to a number of disease states. For instance, 
schizophrenia is an illness characterized by (among other signs) disordered speech and 
auditory hallucinations. Diffusion tensor imaging studies of childhood-onset schizophrenia 
have shown increased axial diffusivity and radial diffusivity in a subgroup of individuals 
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with linguistic impairment compared to children with schizophrenia without linguistic 
impairment. Abnormalities were particularly noted in the left superior longitudinal 
fasciculus and the left inferior longitudinal fasciculus29.
As expected, the left arcuate fasciculus radial diffusivity values were found to be 
significantly correlated with expressive language. The left superior longitudinal fasciculus 
was correlated with receptive and expressive language functions in our study in a small to 
moderate effect (p < 0.05); however, it was not statistically significant given our more 
conservative criterion for significance (i.e., p < 0.025) nor did it account for a large 
proportion of the variance. Two major pathways in the language network exist in the left 
hemisphere: a ventral pathway via the extreme capsule fiber system and a dorsal pathway 
via the superior longitudinal fasciculus/ arcuate fasciculus30,31. It has been shown that the 
dorsal pathway does not solely support language comprehension in children. Instead, 
supplementary involvement of the ventral pathway exists to facilitate this language 
function13. We did not analyze the maturity of the ventral pathway, but the neurological 
immaturity of this dorsal connection might explain the lack of correlation of language 
function with the superior longitudinal fasciculus in our study of typically developing 
children and adolescents.
The correlation of the superior longitudinal fasciculus with attention 17 and the arcuate 
fasciculus with intelligence 32 has been reported previously. Correlation of set shifting with 
the superior longitudinal fasciculus 33 and correlation of fine-motor speed with arcuate 
fasciculus 34 has been reported in adults but not examined in youth; however, examination 
of the literature did not reveal any diffusion tensor Imaging studies showing the correlation 
of the superior longitudinal fasciculus with inhibitory control and set shifting, or any 
findings showing a correlation of arcuate fasciculus with fine motor speed and control in 
children, which we believe are a new finding presented in our study.
We did not find any correlations between diffusion tensor imaging indices in the right 
superior longitudinal fasciculus and the fine motor, memory, and visual-spatial domains. 
More generally, our relative lack of association between right-sided superior longitudinal 
fasciculus and neuropsychological functioning was somewhat unexpected, but was 
consistent with findings in the adult literature where even visual memory tasks have been 
more strongly associated with the left rather than the right superior longitudinal fasciculus35. 
With regard to this relationship, a previous study found significantly reduced intervoxel 
coherence values (indicative of diminished structural connectivity) in the left superior 
longitudinal fasciculus, but not the right, in low performers on a visual memory task 
compared to high performers35. Several other studies also have reported that spatial working 
memory was correlated with the left superior longitudinal fasciculus, but not the right14,15. 
There was also a lack of correlation between left superior longitudinal fasciculus and verbal 
working memory, again contrary to our initial hypotheses. This may be related to ongoing 
brain maturation in children, as it has previously been demonstrated that adults use a more 
confined language network compared with children13, or perhaps is a result of measurement 
limitations of our study, which are discussed below.
Urger et al. Page 10






















With respect to the lateralization indices for the superior longitudinal fasciculus and arcuate 
fasciculus, there are a few studies that have examined language lateralization and associated 
fractional anisotropy values in children. Tiwari et al. 36measured fractional anisotropy of the 
arcuate fasciculus after tractography to determine language laterality in children and found 
no significant asymmetry. This was consistent with our findings. This relatively even 
neurodevelopment of the arcuate fasciculus component of the microstructure of the superior 
longitudinal fasciculus, which reflects both symmetrical maturation of intracellular 
machinery and the microstructure surrounding the axon in both hemispheres, may be related 
to ongoing myelination and maturation of the pediatric brain.
Recent articles have concluded that more accurate results of scalar diffusion parameters are 
obtained with increasing numbers of diffusion-encoding gradient directions37. Nevertheless, 
diffusion-encoding directions less than 12 are still in use, give accurate results, and are 
published in esteemed articles in literature26,38. Our study had very strict inclusion criteria. 
For example, we excluded participants with lifetime mental disorders or learning disabilities 
and we examined prenatal and birth records to insure no prenatal confounds. Data collection 
began in 2003 and ended in 2011. Because our initial data were obtained by using 6 
diffusion-encoding directions, we continued this practice to insure image comparability 
across subjects. The images were acquired a total of 4 times to improve image quality and 
then averaged together. Simple head motions were corrected by affine co-registration of all 
diffusion weighted images to b=0 image. Because all children were scanned in the same 
scanner, under the same imaging protocol, and with the same number of diffusion-encoding 
gradient directions, the data obtained was expected to have similar degree of signal-to-noise 
ratio, which allows for the accurate comparison in our data.
Our study has several limitations. First, although we believe that our correlation coefficients 
were relatively stable, our small sample size clearly limited our power to detect additional 
relationships between the diffusion tensor imaging measures of the superior longitudinal 
fasciculus and various neuropsychologicalmeasures. We also attempted to control for 
spurious correlations by using a Bonferroni correction adjusted for the number of 
neuropsychological measures in each domain to determine significance as we have done in 
previously published preliminary studies23. Second, we are aware that different 
neuropsychological measures may have produced different cognitive associations with the 
diffusion tensor imaging indices. Although all of our neuropsychological measures had good 
reliability and validity, a different set of cognitive measures with different psychometric 
properties could have produced different results. Third, although conceptually based, the 
cognitive domains might have produced a different pattern and/or strength of correlations if 
the factors had been derived using empirical methods (e.g., factor analysis); however, our 
sample size limited the formation of empirical factors. Finally, although we adjusted for 
both age and gender in the derivation of our correlations, the study remains cross-sectional 
in nature, and it will be important to determine if these relationships persist in longitudinal 
designs and with different sample of children and adolescents with diseases or disorders.
The novel findings reported here showing significant correlations of the superior 
longitudinal fasciculus with inhibitory control and set shifting in a typically developing 
sample of children and adolescents have the potential to contribute to our understanding of 
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both normal and atypical brain development. This study is the first to describe the 
correlation of the superior longitudinal fasciculus with inhibitory control and set shifting in 
children and adolescents, and to show the correlation of arcuate fasciculus with fine-motor 
speed in a typically-developing sample of youth. Diffusion tensor imaging measures of the 
superior longitudinal fasciculus and arcuate fasciculus were found to be correlated with 
expressive language functions, particularly with the generation of verbal output. The 
structural integrity of white matter tracts increases in childhood and adolescence and 
decreases in elderly people accompanying cognitive and motor decline. The integrity of the 
tract may also decrease in certain pediatric or neurological disorders, which might affect the 
function related to that tract. This study provides important preliminary data that increase 
our understanding of targeted brain-behavior relationships in typically developing children 
and adolescents, and also lays the foundation for examining neuropsychological functions in 
pediatric populations with diseases and disorders. Being aware of these significant 
associations between diffusion tensor imaging measures and cognitive function may help 
clinicians better diagnosis and clinically monitor their pediatric patients. This data may also 
be of value to neurosurgeons as they may be able to make a more preventive surgical plan to 
either save or monitor important neuropsychological functions whose relationship to the 
superior longitudinal fasciculus was previously unknown (i.e., executive functions of 
inhibitory control and set shifting) in brain tumor treatment or in the prediction of outcome 
after neurosurgery or radiation procedures. When interpreting the brain imaging examination 
in many diseases (including stroke, trauma, masses, demyelinating diseases or metabolic 
disorders), knowledge of these cognitive correlations with the right and left superior 
longitudinal fasciculus and arcuate fasciculus, can be complementary to a patient’s clinical 
status. We hope that accumulation of the knowledge about diffusion tensor imaging 
correlations with neuropsychological measures will help pediatric patients during their 
treatment; which is the main goal of these types of investigations.
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Region of interest placement for the diffusion tensor imaging superior longitudinal 
fasciculus and arcuate fasciculus measures on coronal color map images. Figure-1a: To 
obtain superior longitudinal fasciculus, the first region of interest was placed at the level of 
the rostral aspect of the splenium of the corpus callosum, depicted on sagittal color map 
image with slice marker. Figure-1b: Bilateral green triangular shaped regions lateral to the 
corticospinal blue fibers on coronal color map image, representing superior longitudinal 
fasciculus, are encircled using a manual tracing for this region of interest. Figure-1c: For 
further arcuate fasciculus segmentation, a second, rectangular-shaped 30×10 pixel region of 
interest was placed next to the superior posterior temporal lobe on coronal color map image.
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a: Sagittal view of superior longitudinal fasciculus with all segments (in red). Figure-2b: 
Sagittal view of the arcuate fasciculus. Figure-2c: Axial views depicting arcuate fasciculus.
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a: Linear regression plots of set-shifting z-score and right superior longitudinal fasciculus 
fractional anisotropy values; and Figure-3b: set-shifting z-score and right superior 
longitudinal fasciculus lambda 1(λ1) values, both correlations adjusted for chronological age 
and gender.
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a: Linear regression plots of attention z-score and left superior longitudinal fasciculus 
fractional anisotropy values. Note the higher the attention z-score, the poorer the 
performance on the attention task so higher attention scores were associated with less mature 
measures of myelination. Figure-4b: Linear regression plots of the set-shifting z-score and 
left superior longitudinal fasciculus fractional anisotropy values. Figure-4c: Linear 
regression plots of the inhibitory control z-score and left superior longitudinal fasciculus 
apparent diffusion coefficient values. Figure-4d: Linear regression plots of the set-shifting 
z-score and left superior longitudinal fasciculus lambda 1(λ1) values. All correlations were 
adjusted for chronological age and gender.
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Figure-5a: Linear regression plots of child IQ z-score and left arcuate fasciculus fractional 
anisotropy values. Figure-5b: Linear regression plots of child IQ z-score and left arcuate 
fasciculus radial diffusivity values. Figure-5c: Linear regression plots of expressive 
language z-score and left arcuate fasciculus radial diffusivity values. Figure-5d: Linear 
regression plots of fine-motor speed non-dominant hand z-score and left arcuate fasciculus 
radial diffusivity values. All correlations were adjusted for chronological age and gender.
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Table 1














IQ 113.45 (16.47) 114.62 (13.77)
Mean Hollingshead
Socioeconomic status Index*
48.80 (10.56) 49.59 (9.58)
Sex
  Number (Male/ Female) 24/25 15/14
Race
  Number (White/ Other) 29/20 18/11
*
Data given as means (standard deviations).
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